these major genes (Gallagher et al., 1994; Ketipearachchi et al., 1998) . It has long been suggested that quantita-
In rice, the genetic basis of quantitative resistance association with tolerance. The phenotypic contribution of the QTLs to BPH has been established in the widely grown rice ranged from 10.4 to 17.6%. The study confirmed the presence of cultivar IR64 through QTL analysis. The availability of QTLs on chromosomes 1, 2, and 6 that have been previously reported IR64/Azucena doubled haploid (DH) mapping populafor resistance to BPH populations of the Philippines. In addition, two tion (Guiderdoni et al., 1992) and saturated molecular additional QTLs were detected on chromosome 7 (Est7-RZ337B and marker linkage map (Huang et al., 1997) led to identifi- and Cohen, 1998) . Furthermore, Huang et al. (2001) quantitative resistance to insect pests in crop plants.
reported BPH resistance QTLs from wild species. Recently, Xu et al. (2002) reported several main-effect and epistatic QTLs associated with quantitative resistance T he brown planthopper, a historically minor pest to BPH using the Teqing/Lemont recombinant inbred of rice, emerged as a major pest in the tropical Asia (RI) population, and Su et al. (2002) detected QTLs on during green revolution of the 1960s (Heinrichs and chromosomes 2, 10, and 12 in a population of backcross Mochida, 1984; Gallagher et al., 1994) . In managing this inbred lines derived from Nipponbare (japonica)/ pest, host-plant resistance (HPR) has long been used Kasalath(indica)//Nipponbare. Thus, several QTLs have as a viable alternative to chemical control methods. In been reported for resistance to BPH across rice mapping general, plant resistance to BPH is recognized as a qualipopulations. Our hypothesis is that successful detection tative as well as quantitative trait. The genetic basis of of additional QTLs and validation of detected QTLs qualitative resistance has been well established and 14 requires further dissection of plant resistance to BPH. major genes for resistance to BPH have been discovered It is well known that plant resistance to insects has from rice germplasm including nine from cultivated varievolved as a complex trait, and it results basically from eties (Khush and Brar, 1991) and five from wild relathree mechanisms: antixenosis, antibiosis, and tolerance tives: one from O. australiensis (Ishii et al., 1994) , three (Painter, 1951) . Here, we report our attempt in dissecting from O. officinalis (Hirabayashi et al., 1997; Rengana- a complex resistance phenotype into various resistance yaki et al., 2002), and one from O. latifolia (Yang et mechanisms and identifying sensitive phenotypic screens al., 2002) .
that can detect QTLs associated with these mechanisms Breeding resistant rice cultivars with some of these to BPH in the DH population derived from the cross major genes was highly successful (Khush, 1989) . How-IR64/Azucena. ever, in some cases, this major gene resistance was shortlived because of the adaptation of the BPH population to the highly resistant varieties, harboring any one of MATERIALS AND METHODS Azucena, a traditional upland japonica variety through anther prasert and Weerapat, 1979) . Growth index (GI) of BPH on each line was computed from the data obtained from the culture (Guiderdoni et al., 1992) . experiments on nymphal survival and developmental period as per cent of nymphs survived divided by the developmental Phenotyping period of nymphs (Panda and Heinrichs, 1983) . The phenotyping experiments were performed in the ToxiAdult longevity (AL) of BPH males (ALM) and females cology Unit Glasshouse, Department of Agricultural Ento-(ALF) was studied by releasing three pairs of newly emerged mology, Tamil Nadu Agricultural University, Coimbatore, adults on 35-d-old caged plants. The adult BPHs were obTamil Nadu, India, from April 1998 to April 2000. The mean served daily for their survival on each line. The population temperature during the study period ranged from 26.1 to increase (PI) of BPH (Heinrichs et al., 1985) was studied by 32.9ЊC and the relative humidity from 76.0 to 93.5%. BPH releasing 10 first instar nymphs on 35-d-old caged plants. The was mass cultured in the glasshouse on the susceptible rice form (macroptery and brachyptery) and sex (female and male) variety Taichung Native 1 (TN1) as per the method of Heinof emerging adult BPHs were also observed during the develrichs et al. (1985) . The nymphs and adults obtained from stock opment. The adults then oviposited on the plant and the culture were used in a series of phenotypic tests, to probe nymphs developed after hatching. During the development of the three mechanisms of resistance. In each experiment, the first generation nymphs, the plants of test lines started to wilt. parents, IR64 and Azucena, the standard susceptible check, Therefore, the experiment was stopped at different times and TN1 and the resistant check, PTB33 were included. All the the population of hoppers was counted at the time when the experiments were replicated thrice.
Plant Material
plants started to wilt. Feeding rate (FR) of BPH on each line was assessed by estimating the honeydew produced by the adult BPHs. Honey-
Seedling Screening
dew area (HDA) and weight (HDW) were used as measures The standard seedbox screening test (SSST) was used to to represent the feeding rate. The feeding chamber developed measure the levels of resistance of parents and DH lines at earlier (Sogawa and Pathak, 1976) was used for measuring seedling stage (Heinrichs et al., 1985) . The pre-germinated the honeydew produced. Five freshly emerged female BPHs, seeds of test lines were sown 3 cm apart in 20-cm rows in 60-prestarved for 6 h, were released in the chamber and after by 50-by 10-cm wooden boxes. Each line was planted in three 24 h, the preweighed filter papers were removed and sprayed replications across the width of the seedbox with at least 15 with 0.01% (w/v) ninhydrin-acetone solution. The honeydew plants per row. One row each of the susceptible check, TN1 stains appeared as violet or purple spots. The spots were traced and the resistant check, PTB33 was sown at random in all the on tracing paper and squares were counted over a millimeter seedboxes. Ten days after sowing (DAS), the seedlings were square graph paper. The area of honeydew spot was expressed infested with first to third instar nymphs of BPH at the rate as mm 2 . The filter paper was weighed and the weight of honeyof five to eight nymphs per seedling. After infestation, the dew was calculated and expressed as mg. wooden seedboxes with seedlings were covered with wire mesh wooden cages (70 by 60 by 50 cm). The seedlings were obTolerance served daily for damage by BPH. Damage rating of the test lines was done on a row basis when 90% of the plants in the To study the level of tolerance, 15-d-old seedlings were susceptible check row were killed. The test lines were graded transplanted in 30-cm diameter clay pots. Thirty-five-day-old using the Standard Evaluation System (SES) of Rice (IRRI, plants were caged with cylindrical mylar sheet cages (30 by 1996). 90 cm) and 50 first instar nymphs were released on each plant. A control plant without insects was maintained for each line.
Antixenosis
When the TN1 plants (susceptible check) started to wilt, the experiment was stopped and the BPHs were collected from Antixenosis (AX) (preference of nymphs on seedlings) was all the lines, oven dried for 48 h and weighed. However, some assessed by means of a conventional seedbox test (Heinrichs of the DH lines wilted earlier than TN1. In such cases, we et al. , 1985) . Seedlings were raised as in SSST but in 15-cm collected the insects before the wilting of TN1 plants. The rows in wooden boxes (60 by 40 by 10 cm). At 10 DAS, approxiinfested and uninfested plants were removed from the pots mately 1000 second instar BPH nymphs were released on along with roots, washed thoroughly, air dried for 3 h, then the seedlings. The number of nymphs on each seedling was dried in an oven at 70ЊC for 60 h and weighed. The level counted at 12, 24, 48, and 72 h after infestation. The seedlings of tolerance of DH lines was calculated using the following were disturbed after each count for reorientation of nymphs parameters such as functional plant loss index (FPLI), toleron seedlings.
ance index (TI) and plant dry weight loss per mg of BPH dry weight produced (PDLOSS) as described by Panda and Antibiosis Heinrichs (1983) . Antibiosis was measured in terms of nymphal survival, de-FPLI ϭ [1 Ϫ (Dry weight of infested plant/Dry weight velopmental period, adult longevity, population increase and of uninfested plant)] ϫ 100 feeding rate. Fifteen-day-old seedlings were transplanted in TI ϭ BPH dry weight on test line/BPH dry weight on 10-cm diameter clay pots. The potted plants were then covered susceptible check, TN1 with cylindrical mylar sheet cages (13 by 90 cm).
PDLOSS ϭ (Dry weight of uninfested plant-Dry weight of To study nymphal survival (NS), 10 first instar BPH nymphs infested plant)/Dry weight of BPH progeny on were released on 35-d-old caged plants. The number of nymphs infested plant that reached adulthood was counted and the percentage of We used days to wilt (DW) as another measure of tolerance nymphal survival was calculated (Heinrichs et al., 1985) . De- where the damage by BPH population on each line was estivelopmental period (DP) of nymphs was studied by releasing mated by counting the number of days required to kill the three first instar nymphs on 35-d-old caged plants. The nymphs plants. Two different aged plants 30 and 60 d old were used were observed daily for ecdysis and the number of days taken for the nymphs to reach the adult stage was recorded (Pongfor the experiment with two levels of insect load 25 and 50 per plant (DW1, DW2, DW3 and DW4 respectively). At 15 TN1, differed significantly for all 21 resistance traits DAS, the seedlings were transplanted in 30-cm diameter clay used in the study, which represented antixenosis, antibipots and caged with cylindrical mylar sheet cage (30 by 90 cm).
osis, and tolerance to BPH (Table 1). DH lines showed
The first instar nymphs were released on the plants and alquantitative variation for the traits (Fig. 1) . Six QTLs lowed to feed. The day on which the plant wilted completely associated with resistance to BPH in this mapping popuwas recorded. lation were detected ( Table 2 ). The detected QTLs were mapped on chromosomes 1, 2, 6, and 7 (Fig. 2) . The Data Analysis LOD scores ranged from 2.1 to 3.1 and the phenotypic The data were analyzed by using the SAS package (SAS variance explained by each QTL ranged from 10.4 to Institute, 1985) . The mean and standard error of the pheno-17.6%. Though we used many phenotypic tests, only six typic data were obtained by using the PROC MEANS proceof them were sensitive enough to detect QTLs associdure. The means of parents of the mapping population and ated with resistance to BPH. Seedbox screening test standard checks were compared by t tests (Least square difference, LSD at 5% level of significance) and the LSD of DH (SSST) and feeding rate based on honeydew production line means at 5% level of significance were obtained by using (HDW) detected single QTLs on chromosomes 7 and 2, the PROC GLM procedure.
respectively. Tolerance tests (FPLI, TI, DW2, and DW4)
The mean phenotypic values of the traits were used for detected four QTLs on chromosomes 1, 6, and 7. Many QTL analysis. The marker data (175 markers comprising eight
QTLs with LOD scores between 1.5 and 2.0 were found isozymes, 14 RAPD, 12 cloned genes, and 141 RFLP) develin other tests but were not considered because of their oped by Huang et al. (1997) was used for mapping the putative low significance levels (data not shown). Thus, the reQTLs associated with resistance to BPH using the computer software Mapmaker/QTL (Lander and Botstein, 1989) . The sults of this study showed that plant resistance to BPH threshold LOD score of 2.5 was fixed to claim the putative in rice is a complex quantitative trait that is governed QTL. The LOD score of more than 2 and less than 2.5 was by many genes.
used to consider possible QTLs.
The quantitative resistance to BPH in IR64 has been studied since the observations that it shows moderate
RESULTS AND DISCUSSION
resistance to BPH, which might be due to presence of minor genes in addition to a major gene Bph1 (Khush, The parents, IR64 and Azucena, differed significantly for 12 traits, whereas the standard checks, PTB33 and 1989) . Through greenhouse screening, Cohen et al. (1997) established that the major gene Bph1 is no longer require further phenotypic analyses of plant resistance. The study confirmed the presence of some of the QTLs effective against two BPH populations of the Philippines and the moderate resistance results from minor genes previously reported and also found two additional QTLs for resistance to BPH in rice. Alam and Cohen (1998) associated with the three resistance mechanisms. Markerbased genetic analyses using the mapping population reported seven significant QTLs for resistance to BPH that were mapped on chromosomes 1, 2, 3, 4, 6, and 8 derived from the cross IR64/Azucena, resulted in detection of several QTLs associated with various resistance using 175 markers. The peak LOD scores ranged from 1.5 to 3.7. Individual QTL accounted for between 5.1 mechanisms to BPH (Alam and Cohen, 1998; Ramalingam et al., 2003) .
to 16.6% of the phenotypic variance. Further, Ramalingam et al. (2003) reported four additional QTLs (one We used the same mapping population to test our hypothesis that detection of additional QTLs and validaon chromosome 11 and three on chromosome 12) associated with resistance to BPH with LOD scores of 2.5 to tion of the detected QTLs for resistance to BPH would 4.5 using additional 105 candidate gene markers in the reported earlier by Alam and Cohen (1998) and Ramalingam et al. (2003) . The results obtained in our work same population.
The tolerance index (TI) QTL on chromosome 1 were based on only 94 DH lines and 175 markers. Alam and Cohen (1998) used 131 DH lines and 175 markers (RG146-RG345) detected in the present study was also reported by Alam and Cohen (1998) . The QTL for antifor their work. Ramalinagam et al. (2003) used only 96 DH lines but with additional 105 candidate gene markers in biosis on chromosome 2 (RG157-RZ318) detected in the present study was shown to be associated with seedthe same mapping population. Therefore, small population size and less number of markers might have resulted ling resistance as well as for field resistance to BPH (Alam and Cohen, 1998) . They detected a significant QTL on in missing of some of the QTLs that were detected in those studies. chromosome 6 in seedbox screening, field screening and antixenosis tests, but in our work the same genomic These observations provide insights into some of the issues concerning genetic analysis of quantitative resisregion was detected for tolerance based on FPLI and DW2. The noteworthy finding of the present study is tance to insects. First, designing new screening tests will aid in detection of additional QTLs and also validation that it detected two additional QTLs on chromosome 7 associated with seedling resistance as well as plant resisof previously reported QTLs. In our work, in addition to the standard screening tests, we employed a new tance at the age of 60 DAS. Our work did not detect significant QTLs on chromosomes 3, 4, 8, 11, and 12 as screening test, days to wilt (DW) as a measure of the plant's reaction to BPH at two different age levels 30 Conventional resistance breeding has been complemented with novel biotechnological tools such as molecand 60 DAS with two levels of insect load, 25 and 50 per plant (DW2 and DW4, respectively). Interestingly, ular markers in the past decade. A number of genes and QTLs governing BPH resistance have been identified two significant QTLs were detected for DW2 and DW4 on chromosomes 6 and 7, respectively. and mapped on available genetic linkage maps; however, the absence of tightly linked markers limits their Second, evaluation of a mapping population in different environments might detect common QTLs that oppractical utility for marker-assisted selection. It has to be realized that identification and mapping of major erate across environments and also detect QTLs for specific environments. The present work and that of Alam genes and QTLs is only the beginning of a molecular breeding process. After the QTL has been mapped, and Cohen (1998) detected common QTLs on chromosomes 1, 2, and 6 against BPH populations of the Philipprogress should be made toward fine mapping and development of near isogenic lines (NILs) for specific pines and India. Two additional QTLs were detected on chromosome 7 from the experiment in India and not QTLs. The QTL analyses using segregating populations such as F 2 , F 2 -derived F 3 lines, RI lines, and DH lines detected from the experiments in the Philippines suggesting that comparative mapping of QTLs across envican detect QTLs on the basis of statistical analyses but cannot clearly confirm whether the QTLs exist. Moreronments might improve the efficiency of QTL detection and increase the confidence with which QTLs over, precise mapping and determining the actual genetic effect of a single QTL among multiple QTLs is are claimed.
Third, growth stage specific phenotypic analyses might difficult because the genetic parameters of the QTL are often affected by simultaneous segregation of other result in detecting QTLs associated with specific plant ages. The detection of two different and significant QTLs QTLs (Tanksley, 1993) . Near isogenic lines are useful to overcome these difficulties and allow precise determion chromosome 6 (Pgi2-pRD10B) and chromosome 7 (RG773-CDO59) for DW at 30 and 60 DAS (DW2 and nation of the effect and location of a single QTL, resulting in fine mapping of QTLs as single Mendelian DW4), respectively indicates the possibility of two different loci controlling the resistance during different factors and positional cloning (Yamamoto et al., 1998; Yano et al., 2000; Yamasaki et al., 2003) . Candidate stages of plant growth. The influence of plant age on the level of resistance has been reported in a number gene approach is also expected to speed up the process of identifying genes underlying complex plant traits of cases (Russell, 1978) . In rice, it was observed that the levels of resistance expressed by the cultivars were (Pflieger et al., 2001) . Byrne et al. (1996) demonstrated the candidate gene approach to trace QTLs for resisdependent on plant age (Velusamy et al., 1986) . For plant height and tiller number in rice, it was shown that tance to European corn borer (Ostrinia nubilalis Hü bner) in maize (Zea mays L.). So far, no such information is the QTL expression dynamics varied with developmental stages of plants using the same IR64/Azucena available in rice. However, Ramalingam et al. (2003) reported the association of defense related candidate mapping population (Yan et al., 1998; Wu et al., 1999) . Most of the QTL mapping studies have been limited in genes with major genes and QTLs governing insect and analyzing the performance of a trait observed at a fixed disease resistance in rice using the same IR64/Azucena time or stage of ontogenesis. Therefore, it is suggested mapping population. Particularly, they showed two of that the genetic studies on quantitative resistance to the BPH QTLs colocalizing with candidate genes such insects must involve phenotypic analysis at the approas thaumatin and dihydrofolate reductase thymidylate priate growth stages.
synthase. These QTLs also colocalized with blast QTLs. Fourth, though common QTLs were detected for reThese observations provide a starting point for explorsistance to BPH in both the studies, they were not coming the candidate gene approach for insect resistance in mon for a particular mechanism except for the tolerance rice. Thus, the QTLs detected in the present study should QTL on chromosome 1. For example, the QTL on chrobe further validated through fine mapping and candimosome 6 detected for tolerance in our work was found date gene analysis to make use of them in marker asto be associated with seedling screening, field screening sisted breeding to improve BPH resistance of rice culand antixenosis in the study of Alam and Cohen (1998) . tivars. It is also possible that the same QTL for tolerance might have contributed for resistance in field screening as de-
